Background
Colorectal cancer (CRC) is the third most common malignant disease and the fourth leading cause of cancerrelated deaths worldwide [1] . Synchronous metastases have occurred in about 25% of patients at the time of diagnosis, and an additional 40% to 50% develop secondary metastases during the course of their disease after diagnosis [2] . For most patients with metastatic CRC (mCRC), chemotherapy is traditionally the first choice. However, the response rate is usually less than 50% [2] and the five-year survival rate of mCRC patients remains below 10% [3] .
The chimeric IgG1 cetuximab and the fully humanized IgG2 panitumumab, two monoclonal antibodies (MAbs) targeted at epidermal growth factor receptor (EGFR), were found effective in combination with chemotherapy or as a single agent for the treatment of chemotherapy-resistant mCRC [4] [5] [6] . However, the tumor response rate increased by anti-EGFR MAbs was only 10%-20%, whether it be used as the 1 st -or 2 nd -line treatment [4, [6] [7] [8] [9] . As anti-EGFR MAbs were associated with significant increase in toxicities [5] and costs [10] , it is important to identify the responsive patients for treatment and prevent nonresponsive ones from exposure to unnecessary treatment.
It has been established that KRAS mutations are a strong predictor of resistance to anti-EGFR MAbs [11] [12] [13] . However, a significant proportion of patients with wild-type KRAS remain unresponsive to anti-EGFR MAbs. Therefore, the identification of new biomarkers that can be used jointly with KRAS has become appealing in predicting treatment response.
Moroni and colleagues reported for the first time a strong relation between EGFR gene copy number (GCN) and the response of patients to anti-EGFR MAbs [14] . This relation has since been substantially investigated. However, published studies on this topic are generally small in sample size, which may have led to inconsistent results, and thus each study alone may not be strong enough to produce a firm conclusion [15] . In addition, sparse data from individual studies is available to assess the impact of EGFR GCN on such patient-important outcomes as progression-free survival (PFS) and overall survival (OS) [16, 17] .
Therefore, we conducted a systematic review of current evidences to assess the predictive role of an increase of EGFR GCN in the treatment of mCRC with anti-EGFR MAbs, with a hope to take a step further towards the ultimate end of personalized treatment of mCRC. Figure 1 shows the inclusion and exclusion of studies step by step. In total, 19 eligible studies were identified [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] , of which 17 provided data on ORR [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [28] [29] [30] [31] and 15 on PFS or OS [15] [16] [17] [18] [19] [20] [21] 24, 25, [27] [28] [29] [30] [31] [32] .
Results

Description of the studies
The basic characteristics of these studies were summarized in Table 1 . Most of them were retrospective studies, with sample sizes varying from 27 to 155. Three studies were conducted in KRAS wild-type patients only [16, 31, 32] , and another eight studies reported the data on KRAS wild-type and mutant patients separately [14, 18, 19, 22, [24] [25] [26] 28] , providing us the opportunity to examine the impact of KRAS status on the predictive power of GCN+. The anti-EGFR MAb administered, the response criteria, and the assay for EGFR GCN quantification were generally consistent across different studies. However, the lines of treatment and the sources of tumor samples used for GCN testing were relatively inconsistent.
Most notably, the criteria for GCN + were highly heterogeneous among different studies. In one study [26] , only gene amplification was considered as GCN+. In six studies [15, 16, [22] [23] [24] 30] , GCN + included both high level of polysomy and amplification. In two studies [17, 21] , all levels of polysomy and amplification were considered as GCN+. The definitions of polysomy, high polysomy, and amplification, respectively, also varied across studies. The most commonly used criteria for high polysomy and amplification were "≥ 4 gene copies in ≥ 40 % of cells" [15, 16, 23, 24, 30] and "gene/CEP7 ≥ 2, or ≥ 15 gene copies in ≥ 10% of cells" [15, 23, 24, 30] , respectively. In seven studies [14, [18] [19] [20] 27, 28, 31] , only the average gene copies per nucleus was used to define GCN+, with the cutoff points varying from 2.6 to 3. For two of the seven studies [14, 27] where the cutoff point was "gene copies/ nucleus ≥ 3", GCN + could be viewed as polysomy according to the definition given in the study of SartoreBianchi et al. [17] . Similarly, the criteria used in the study of Tol et al. [32] was "gene copies/nucleus ≥3, or gene/CEP7 ≥ 2", which could be viewed as approximate to "polysomy or amplification" according to the definitions from the studies of Campanella et al., SartoreBianchi et al., and others ( Table 1) .
The prevalence of GCN + in these studies ranged from 6.9% to 88.9%, partly reflecting the significant heterogeneity in the criteria for GCN+. Even in studies that used the same criteria to define GCN+, the prevalence of GCN + also varied considerably. Table 1 ). As shown in Table 2 , the prevalence of gene amplification was generally low, ranging from 0 to 10%, except in two studies.
The association of EGFR gene copy number status with clinical outcomes
The ORRs stratified by EGFR GCN status were summarized Figure 2 . There was significant statistical heterogeneity among the studies (P < 0.00001, I 2 = 78%). Even when we pooled only the studies using identical criteria for GCN+, the heterogeneity sustained. In view of this, and especially considering the heterogeneous methodological as well as clinical characteristics, we decided not to perform quantitative synthesis of the studies, for it would be clinically meaningless and the results would be difficult to interpret.
The difference in ORRs between patients with GCN + and those with GCN-varied from −28% to 84%. Visually, there was a general trend towards higher ORR in patients with GCN + (Figure 2 ). Five studies [14, 19, 22, 26, 28] provided data on the ORR of EGFR amplified patients, which also indicated a trend that the ORR increased with GCN (Table 2) , although the sample sizes were too small to produce a firm conclusion. Of the 22 EGFR amplified patients, 18 experienced an objective response, representing an ORR of 82%. Among the four patients who did not respond, three had KRAS or PIK3CA exon 20 mutations [14, 22] .
Based on the data from 10 studies [14, 16, 18, 19, 22, [24] [25] [26] 28, 31] , we further examined the association of EGFR GCN status with objective response in wild-type and mutant KRAS patients, respectively ( Figure 3 ). Apparently, the difference in ORRs between GCN + and GCNpatients was much greater in wild-type than in mutant KRAS patients. Among patients with KRAS mutations, there was usually no difference between GCN + and GCN-patients. The only exception is the study of Moroni et al. (Figure 3) , in which the sample size was quite small, and both patients in the GCN + group had EGFR amplification [14] .
PFS data was reported in 15 studies (Table 3) , of which 13 showed a trend of longer PFS in GCN + patients than in GCN-patients, although the difference was tested for significance in only ten studies and was statistically significant only in six of them. Two studies [21, 29] reported hazard ratios for the comparison of the PFS of GCN + versus GCN-patients, which were 0.54 (95% CI: [15] [16] [17] [18] 20, 28, 31, 32] , and six of them reported a longer OS in GCN + than in GCN-patients, although the difference was statistically significant in only two studies.
Publication bias
Because of the substantial heterogeneity among the included studies, we did not conduct the test for publication bias using funnel plot, for it would probably be misleading in this case [33, 34] .
Discussion
This systematic review summarized the evidences on the predictive value of EGFR GCN + for clinical outcomes of mCRC treated with anti-EGFR MAbs. The data we collected showed that generally GCN + was associated with a better objective response, especially among patients with wild-type KRAS, which supports the notions that KRAS mutations are a strong predictor of non-response to the anti-EGFR MAbs treatment [11] [12] [13] , and new biomarkers for the treatment would be primarily useful in KRAS wild-type patients [35] . However, the present systematic review was limited by the following factors. First, the majority of the included studies was retrospective in their nature, and thus might have suffered from some important bias. Second, there was significant heterogeneity among the studies, which precluded a clinically meaningful meta-analysis of the quantitative data. Third, although the PFS and OS were seemingly longer in GCN + than in GCN-patients, the data on these outcomes was relatively incomplete to convincingly support our conclusion on objective response.
More importantly, current evidences suggest that the clinical utility of EGFR GCN would be severely limited by two major problems. First, the scoring system of EGFR GCN has a high inter-laboratory variability, and none of the criteria used to define GCN + universally outperformed other criteria in terms of the discriminatory power. In some studies, the cutoff point for GCN + was identified by Receiver Operating Characteristics analysis, but frequently a cutoff value shown to have good sensitivity and specificity in one study performed less well in another. For example, in the study of Cappuzzo et al. [18] , the cutoff point "gene copies/nucleus ≥ 2.92" categorized the patients into two groups in which the ORR were 33% (14/43) and 2% (1/42), respectively, with a sensitivity of 58.6% and a specificity of 93.3%. However, when the cutoff value was applied to the patients in the study of Personeni et al. [28] , the corresponding sensitivity and specificity were only 56.0% and 75.8%, respectively. A standard cutoff value that can be used as a reference is yet to be established. Of note, even in studies that used the same criteria for GCN+, there was also significant variability in the difference of ORRs between GCN + and GCN-patients. The criteria for EGFR gene amplification have been relatively consistent across studies [15, 16, 21, 24] , and patients with this molecular alteration generally had good response to anti-EGFR MAbs. In addition, it is readily identifiable by fluorescent in situ hybridization (FISH) assay. However, EGFR gene amplification proved to be a rare event, rendering it clinically less significant. N, sample size; GCN+, increased gene copy number; GCN-, non-increased gene copy number; NR, not reported; NA, not applicable. * This study did not specify the criteria for "amplification" explicitly. We applied the most popular criterion (gene/CEP7 ≥ 2, see Table 1 ) to categorize the patients of this study.
Most patients defined as GCN + in the studies were actually harboring "polysomy" or "high polysomy". Whether these statuses are equal to amplification in terms of their biological effects and especially the impact on the response to anti-EGFR MAbs remains unclear. Second, the enumeration of EGFR GCN suffers from poor reproducibility. One reason for this is the withintumor variation [36] . For example, the mean EGFR GCN of different sections within a tumor could be highly heterogeneous, leading to potential misclassification of EGFR GCN status in up to 39% of patients [28] . To a greater degree, the poor reproducibility is due to technical factors. For example, the thickness of tumor sections might affect the EGFR GCN detected, with thinner sections possibly responsible for a lower GCN cutoff value [18] . Notably, a recent international interlaboratory reproducibility ring study [37] conducted by five "highly experienced molecular diagnostic centers" showed that even under standardized conditions, the results of FISH analysis, which was the most commonly used method the determine EGFR GCN, could still vary drastically from one laboratory to another. The low consensus rate was proposed to be related with such technical factors as the equipment used for the analyses, the skills necessary to perform enumeration of GCN, and the personnel difference in interpreting the pre-specified guidelines [37] . Although it is possible to enhance the consensus by intensive staff training in a research setting, it would be difficult to achieve this goal in routine practice. To date, scientifically validated and widely accepted protocol and guidelines for detecting EGFR GCN, which have been available for non-small cell lung Figure 3 Difference in objective response rate between GCN + and GCN-patients, stratified by KRAS status. In patients with wild-type KRAS, the total events and patients were 73 and 124, respectively, for GCN + group, and were 61 and 230, respectively, for GCN-group. Heterogeneity test: P =0.02, I 2 = 54%. In patients with mutant KRAS, the total events and patients were 7 and 44, respectively, for GCN + group, and were 2 and 97, respectively, for GCN-group. Heterogeneity test: P =0.005, I 2 = 70%. Figure 2 Difference in objective response rate between GCN + and GCN-patients. For GCN + group, the total events and patients were 125 and 301, respectively. For GCN-group, the total events and patients were 106 and 590, respectively. Heterogeneity test: P <0.00001, I 2 = 78%.
cancer [38] , remain to be developed for mCRC. This may partly explain why EGFR GCN has not yet been incorporated into clinical practice.
Conclusions
Although increased EGFR GCN is generally associated with a better outcome of anti-EGFR MAbs treatment, especially among patients with wild-type KRAS, the clinical utility of this biomarker for selecting recipients of anti-EGFR MAbs would be severely limited by the heterogeneous scoring system and the poor reproducibility of EGFR GCN enumeration due to technical reasons.
Methods
Literature search
We performed a systematic search of PubMed, EMBASE, The Cochrane Library, Chinese Biomedical Literature Database, and Wanfang Data from inception to 22 November 2010. The detailed search strategy was described in the Additional file 1. Briefly, both the MeSH terms and various text words for CRC, MAbs and EGFR were used to identify relevant publications. The search was in the end limited to "human studies". In the light of the results of our pilot search, we did not include the terms related to the biomarker (i.e. "gene copy number") and concerned outcomes (e.g., "objective response" and "overall survival") in the final search strategy so as to increase the search sensitivity. In addition to searching the above electronic databases, we also tried to identify eligible studies from the conference abstracts of American Society of Clinical Oncology and European Society of Medical Oncology via their official websites. All potentially relevant studies were retrieved and their references were scrutinized for further relevant publications.
Study selection
All "potentially eligible" studies were reviewed independently and then agreed on their eligibility by two reviewers. Studies that met all of the following four criteria were considered eligible for this review: 1) patients: mCRC; 2) treatment: MAbs as monotherapy or in combination with other agents for treatment of any lines; 3) biomarker: EGFR GCN; and 4) outcomes: one or more of the following outcomes stratified by EGFR GCN status: objective response (the sum of complete response and partial response), PFS, and OS. Although PFS theoretically differs from time-to-progression, the two outcomes were often used interchangeably in existing clinical cancer research. Therefore, we did not distinguish them in this meta-analysis, but used PFS alone to denote either of the two. When the same patient population was used in more than one publication, only the one with most relevant data was included in this review. Disagreements between the two reviewers were resolved by discussion. Unsettled disagreements which were few were referred to the "third wise man" for final verdict.
Data extraction
The following data were collected from each eligible study: first author's name, year of publication, study design, total number of patients eligible to be included in nd -line or higher anti-EGFR MAbs treatment. All other studies were categorized as "mixed". The same principle was applied to "treatment regimen" (monotherapy vs combined-therapy vs mixed) and "original location of tumor tissues used for analysis" (primary vs metastatic vs mixed).
If any key data (e.g. the number of patients responsive to anti-EGFR MAbs by EGFR GCN status) was absent in the original paper, authors were contacted by e-mail for relevant information.
Statistical methods
The outcomes of interest included objective response, PFS, and OS. The impact of EGFR GCN status on objective response was measured by risk difference, which was the ORR of patients with GCN + subtracted by that of patients with GCN-. The association of EGFR GCN status with PFS or OS was denoted by hazard ratio. A hazard ratio equal to one means no difference between the compared groups. A hazard ratio less than one indicates that the risk for disease progression or death was lower in patients with GCN + than in those with GCN-, i.e. the PFS or OS of patients with GCN + was longer than that of patients with GCN-, and vice versa.
The statistical heterogeneity among studies was assessed by the Cochran's Q-test [39, 40] and the I 2 statistic [40, 41] . A P value ≤ 0.10 for the Q-test or an I 2 > 50% was suggestive of substantial between-study heterogeneity. The clinical and methodological characteristics of the eligible studies were also examined to see if a quantitative synthesis of the collected data was appropriate. If not, then the data was summarized and presented in a descriptive manner; if yes, then the risk differences and hazard ratios respectively from different studies were combined by using a random-effects model (DerSimonian and Laird method) [41, 42] . Further metaanalyses of risk difference and/or hazard ratio, stratified by KRAS status, would be performed wherever possible.
If appropriate and data allowed us to do so, prespecified subgroup analyses were conducted to explore the source of the heterogeneity according to treatment regimen, line of treatment, response criteria, original location of tumor tissues used for analysis, method for EGFR GCN analysis, and the cutoff value for GCN+. Egger's funnel plot was planned to be used to assess the possibility of publication bias as appropriate [43] . All statistical analyses were performed in RevMan 5.0.
